INTRODUCTION
Changes in intracellular free Ca2" ([Ca2+] ,) are common in normal cellular functioning [1] [2] [3] [4] [5] . However, non-physiological sustained increases in [Ca2+] i initiate processes which finally compromise cell viability [6] [7] [8] [9] . Such pathological disturbance of the Ca2+ homoeostasis is often associated with the development of cell injury induced by toxic compounds [10] [11] [12] [13] [14] [15] [16] [17] . Mitochondria play an important role in Ca2+ homoeostasis; they take up Ca2t hrough an uniporter uptake mechanism, which is driven by the mitochondrial membrane potential (MMP) [18, 19] . In isolated mitochondria excessive Ca2+-uptake induces, under certain conditions, a permeability transition of the mitochondrial inner membrane, leading to dissipation of the MMP [18, 20, 21] . In intact hepatocytes we observed a similar accumulation of mitochondrial Ca2+ after induction of a sustained high increase in [Ca2+] , by extracellular ATP [22] . This mitochondrial Ca2+ loading, with Pi as inducing agent, was associated with dissipation of the MMP and cell death.
Recently a role for intracellular K+ in the Ca2+-induced mitochondrial effects was suggested [9, 23] . Depletion of K+ in isolated mitochondria prevented the Ca2+-dependent permeability transition induced by carboxyatractyloside [23] . Accordingly, we found in intact hepatocytes that depletion of cellular K+ decreased Ca2+-induced cytotoxicity [9] . Therefore we hypothesized that intramitochondrial K+ levels ([K+]mito), which may be regulated by Ca2+-activated channels in the inner membrane [24] , are important for the development of Ca2+-induced cytotoxicity. However, intramitochondrial free K+ levels could not be determined so far, because no Flow-cytometric analysis of the MMP and cell viability For determination of the MMP and cell viability in flowcytometric studies, cell suspensions were loaded with 1.5 ,uM rhodamine-123 and 2 ,uM propidium iodide for 15 min at 37 'C. Cells were analysed for their fluorescence on a FACScan flow cytometer (Becton Dickinson, San Jose, CA, U.S.A.) as described previously [9] . Cellular uptake of rhodamine reflected cells exhibiting a MMP. Dead cells were identified by uptake of propidium iodide.
Video-intensffled fluorescence microscopy (VIFM) of [K+] vw| Cells were preincubated on a rotary shaker (200 cycles/min, 37°C) for 45 min with or without extracellular K+. Then the cells were attached to glass coverslips coated with poly-D-lysine [9] , which were mounted at the bottom of a thermostatically controlled incubation chamber (300 /sl volume, 37 'C) on the microscope. Images of individual hepatocytes were taken with a computer-controlled CCD series 200 camera system (Photometrics, Tucson, AZ, U.S.A.) and analysed with an Image system (Synoptics, Cambridge, U.K.). The VIFM system was described in detail previously [9, 22] .
A recently developed procedure allows mitochondrial Ca2+ concentration to be studied after loading of the mitochondrial compartment with a fluorescent probe [22, 28] . We have adapted this methodology to assess [K+]mito. A coated glass cover-slip (diameter 1 cm), mounted in the incubation chamber, was covered with 300 #1 ofcell suspension, to which 20 4uM PBFI/AM was added and incubated for 60 min at 37 'C. After hydrolysis of the ester, the K+-sensitive free acid PBFI remains trapped within the cytosol as well as the mitochondria. The cells were washed with Hanks'/Hepes buffer to remove extracellular dye. Approx. 1.5 x 104 cells were attached to the coverslip. Then the cells were washed with a sucrose buffer containing 250 mM sucrose, 25 mM Tris, 3 mM EGTA, 5 mM MgCl2, 5 mM succinate and 5 mM glutamate (37 'C, pH 7.3). As with other probes for ion determination, the cells showed a uniform diffuse fluorescence. In order to remove the cytosolic PBFI and to control the extramitochondrial conditions, the plasma membrane was permeabilized by addition of digitonin (final concn. 150 ,M). After 25 s permeabilization was complete, which was indicated by the appearance of non-fluorescent nuclei surrounded by a ring of granular fluorescence (Figure 1 b) . In the next 5 s the microscope was focused on the nuclei, and digital imaging of the remaining fluorescence was performed at 340 and 380 nm excitation and 495 nm emission. The ratio of 340/380 nm excitation images was used to calculate [K+]mito [25, 26] . For each experiment five to ten cells were analysed.
To validate that fluorescence after permeabilization originated from PBFI localized in mitochondria, cells were loaded with PBFI/AM as described above, and co-loaded for 15 The MMP of individual cells was studied by VIFM. Cells attached to coated glass coverslips were loaded with rhodamine-123. After permeabilization of the plasma membrane with digitonin, the cells were incubated in the sucrose buffer, as described in the Materials and methods section, composed of 100 mM KCl and 50 mM sucrose. Fluorescence images were collected to study the MMP. After the first image (t = 0), 50 ,uM CaCl2 was added. Mitochondrial fluorescence decreased rapidly after approx. 15 min, reflecting dissipation of the MMP ( Figure  3) . However, when mitochondria were exposed to Ca2+ in a K+-free buffer, to prevent mitochondrial K+ influx, the dissipation of the MMP was strongly delayed (Figure 3) . To assess the involvement of Ca2+, EGTA was added to the medium. In this case the mitochondria maintained a MMP, which indicated that the loss of MMP described above was dependent on Ca2' (Figures 3 and 4) . Recently we reported that the Ca2+-induced effects after exposure to ATP in intact hepatocytes was markedly exacerbated by Pi [22] . A Ca2+-dependent collapse of the MMP, induced by Pi, was suggested as the underlying mechanism. Therefore the role of Pi as inducer was evaluated by increasing the Pi concentration in the incubation medium. Under these conditions the collapse of the MMP occurred markedly earlier ( Figure 4 ). intracellularly after exposure to ATP in intact hepatocytes [22] ), this supports the proposed mechanism underlying Ca2+-induced cytotoxicity by ATP. Omission of P1 did not completely protect against a collapse of the MMP (results not shown), indicating that Pi, in spite of its potency to promote, is not absolutely required. However it cannot be excluded that very small amounts of Pi, still present in the incubation medium, were enough to induce dissipation of the MMP. The present data show that altered mitochondrial K' handling is associated with Ca2+-induced loss of MMP and viability. In addition, non-toxic concentrations of mitochondrial K+/H+-antiporter inhibitors strongly enhanced the Ca2+-induced cytotoxicity by ATP (J. P. Zoeteweij, unpublished work). Maintenance of the MMP is thought to be crucial for cellular integrity [9, 37] . Several processes, such as mitochondrial NADPH depletion, mitochondrial Ca2+ release and/or rapid ATP hydrolysis, are thought to be critical consequences of mitochondrial de-energization. The mechanism of interaction between Ca2+ and K+, leading to mitochondrial dysfunction, remains to be established. An uncontrolled influx of K+ into mitochondria, due to Ca2+ activation of K+ channels [9, 24] and/or non-specific membrane leakiness to small solutes, might be involved in these cytotoxic Ca2+ effects. In addition, a lower binding capacity of the mitochondrial matrix for Ca2+ in the presence of high matrix free K+ may be involved [23] . Received 23 July 1993/19 November 1993; accepted 14 December 1993 In conclusion, we found that a decrease in MMP, induced by high [Ca2+]i levels, correlated with a higher mitochondrial K+ retention, suggesting that the decrease of MMP is caused by a high mitochondrial K+ concentration.
DISCUSSION

